Amyloid deposition is a neuropathological hallmark of Alzheimer's disease. The principal component of amyloid deposits is ␤ amyloid peptide (A␤), a peptide derived by proteolytic processing of the amyloid precursor protein (APP). APP is axonally transported by the fast anterograde component. Several studies have indicated that A␤ deposits occur in proximity to neuritic and synaptic profiles. Taken together, these latter observations have suggested that APP, axonally transported to nerve terminals, may be processed to A␤ at those sites. To examine the fate of APP in the CNS, we injected [
Extracellular deposits of ␤ amyloid peptides (A␤s) are an invariant, defining neuropathological hallmark of Alzheimer's disease (Glenner and Wong, 1984) . A␤ is derived by proteolysis of larger transmembrane proteins, termed amyloid precursor proteins (APP). APP isoforms are encoded by several alternatively spliced transcripts (Kang et al., 1987; K itaguchi et al., 1988; Ponte et al., 1988; Tanzi et al., 1988; Golde et al., 1990; König et al., 1992) . In rodents, neurons express the APP-695 isoform (APP 695 ), whereas non-neuronal cells express APP-751 (APP 751 ) and , isoforms that contain a domain that is structurally and functionally homologous to Kunitz protease inhibitors (KPI) (Sisodia et al., 1993) . APP is subject to endoproteolytic cleavage within the A␤ sequence by "␣-secretase," a process that results in secretion of a large, C -terminal-truncated derivative (APP s ) into the extracellular space (Weidemann et al., 1989 ; for review, see Selkoe, 1996) . This processing pathway precludes amyloid formation. However, a fraction of APP is subject to endoproteolysis by ␤-secretase activities (at the N terminal of the A␤ sequence) to generate a C -terminal, membrane-bound fragment (C TF) that is subsequently cleaved within the transmembrane domain by ␥-secretase activities to generate A␤ peptides (for review, see Selkoe, 1996) .
Although the metabolism of APP in cultured cells has been extensively investigated, the fate of APP synthesized in terminally differentiated neurons in the adult CNS is primarily unknown. However, some studies of APP metabolism have been performed in in vivo settings, and several notable findings have emerged; APP undergoes fast axonal transport in dorsal root and retinal ganglion neurons Morin et al., 1993; Sisodia et al., 1993) , and APP is transported to presynaptic terminals and is present in rab5-containing multilamellar vesicles (Ikin et al., 1996; Marquez-Sterling et al., 1997) and in clathrincoated vesicles (Nordstedt et al., 1993; Marquez-Sterling et al., 1997) , organelles that are likely to be involved in endocytosis. Together with the demonstration that endocytosis plays an important role in A␤ formation in cultured cells (Koo and Squazzo, 1994) , the in vivo data suggest that APP processing might occur in the presynaptic terminals of differentiated central neurons. To address this issue, we injected [
35 S]methionine into the rat entorhinal cortex and examined the trafficking and processing of de novo synthesized APP within the entorhinal cortex and the terminal fields of entorhinal neurons. We demonstrate that [
35 S]methionine-labeled APP is transported via the perforant pathway to the presynaptic terminals of synapses in the dentate gyrus and that both soluble C-terminal-truncated APP forms and CTFs of APP harboring the entire A␤ sequence accumulate at these presynaptic sites.
MATERIALS AND METHODS
Reverse transcriptase-PCR. Total RNA was purified from dissected entorhinal cortex after homogenization of the tissue in guanidinium thiocyanate and centrif ugation of the lysate through a C sC l cushion. For reverse transcription (RT), 2 g of total RNA and 50 pmol of antisense primer (AS1219, ctctctcggtgcttggcttc) were heated to 65°C, cooled, and then incubated with reverse transcriptase and deoxynucleotide triphosphates at 42°C. The reaction was terminated by heating to 95°C and diluting with PCR buffer (50 mM KC l, 10 mM Tris HC l, pH 8.3, 1.5 mM MgC l 2 , and 0.01% gelatin). The resulting mixture was divided into aliquots, and each aliquot was subjected to PCR with 25 pmol of sense primer (S640, cggacagcatcgattctgcg), 4 pmol of 32 P-5Ј end-labeled S640, and 20 pmol of antisense primer (AS1219) in the presence of Taq DNA polymerase. The sense primer was end-labeled using T4 polynucleotide kinase and ␥ 32 P-labeled ATP. Individual reactions were terminated at 16, 18, 20, or 22 cycles, and one quarter of each reaction was fractionated by electrophoresis on 2% agarose gels. Gels were stained with ethidium bromide (EtBr) to visualize bands, whereas radioactive products were identified by exposure of the dried gel to x-ray film. The intensity of the autoradiographic signal was quantified using phosphorimaging technology (Molecular Dynamics, Sunny vale, CA), and the logarithm of the signal was plotted as a f unction of cycle number.
Labeling of the perforant path. To radiolabel proteins undergoing axonal transport along the perforant path, we injected 0.5 l of [
35 S]methionine (1 mC i /l in 10 mM tricine⅐HC l, pH 7.4) into the entorhinal cortex of rats anesthetized with chlorpromazine (3 mg / kg, i.p.) followed 5 min later with ketamine (100 mg / kg, i.m.). The injections were performed with the aid of a stereotactic instrument (Kopf, T ujunga, CA) at the coordinates Ϫ7.8 mm posterior to bregma, 5 mm lateral, and 0.8 mm above contact with bone. After inf usion of the label over 5-10 min, transport was allowed to proceed for 6 hr, and the rats were then killed by decapitation. The entorhinal cortex and the hippocampal formation were removed for f urther analysis.
In some experiments, the dentate gyrus was dissected away from the dorsal hippocampus. For these experiments, 400-m-thick transverse sections of dorsal hippocampus were prepared using a McI lwain Tissue Chopper (Brinkman Instruments, Westbury, N Y). Each slice was transilluminated on a translucent glass stage of a dissecting microscope, and the dendate gyrus was dissected. When dissected in this manner, each sample would also include a small portion of sectors CA3 and CA4. T ypically, samples dissected from five to six slices were pooled for each analysis and were immediately frozen on dry ice.
Immunoprecipitation f rom brain tissue. APP-related polypeptides were extracted by homogenization of brain tissue in immunoprecipitation buffer (150 mM NaC l, 50 mM Tris HC l, pH 7.5, 5 mM EDTA, 0.5% N P-40, 0.5% sodium deoxycholate, 0.25% SDS, 50 g /ml leupeptin, 10 g /ml aprotinin, and 0.25 mM phenylmethylsulfonyl fluoride) and by boiling for 5 min, followed by centrif ugation at 15,000 ϫ g for 5 min to remove insoluble material. APP-related molecules were immunoprecipitated from the soluble fraction ) with polyclonal antiserum RGP3 raised against a synthetic peptide corresponding to APP residues 45-62 (Perry et al., 1988; Sisodia et al., 1993) or with polyclonal antiserum C T15 raised against a synthetic peptide corresponding to the C -terminal 15 residues of APP (Sisodia et al., 1993; Z heng et al., 1995) . Immunoprecipitates were fractionated by SDS-PAGE using 6% Tris-glycine, 16% Tris-glycine, or 16% Tris-tricine gels and were visualized by autoradiography.
Anal ysis of phosphor ylation state of A PP C-terminal f ragments. To assess the phosphorylation of APP C -terminal fragments, we prepared detergent extracts from entorhinal cortex or hippocampus, as described above, and subjected 500 mg of detergent-soluble proteins to immunoprecipitation analysis with C T15 or 3134N, an antibody that specifically reacts with epitopes encompassing A␤ residues 5-12. The antibody 3134N was generated by affinity purification of the A␤1-40 peptidespecific antibody Ab3134 (Desdouits et al., 1996) on an immobilized A␤1-13 peptide column. Epitope mapping studies, using an immobilized overlapping peptide strategy, revealed that the recovered antibodies were reactive to epitopes between amino acids 5 and 12 of A␤. Immune complexes were captured with Protein A-agarose beads (Pierce, Rockford, IL), and bound antigens were digested in situ with 600 units of bacteriophage phosphatase (New England Biolabs, Beverly, M A) for 1 hr at 37°C in a buffer containing 50 mM Tris-HC l, pH 7.8, 5 mM dithiothreitol, 2 mM MgC l 2 , and 100 mg /ml BSA. Antigen -antibody complexes were disrupted by boiling in Laemmli sample buffer, fractionated by SDS-PAGE on Tris-tricine gels, and subjected to Western blot analysis with C T15 antibody.
RESULTS
The hippocampal formation ( Fig. 1) plays an important role in certain aspects of learning and declarative memory (Squire, 1994) ; these neuropsychological parameters are profoundly diminished in Alzheimer's disease. The hippocampal formation is also a major site of Alzheimer's disease pathology, including extensive deposition of amyloid in senile plaques (Braak and Braak, 1994; Price et al., 1996) . Thus, the processes that contribute to amyloidosis in the hippocampal formation are of great interest. A major afferent pathway to the hippocampal formation is the perforant path, in which neurons from layers II and III of the entorhinal cortex project through the hippocampal fissure, terminating in all parts of the hippocampus. A well-defined projection area of the perforant path is the granule cell layer of the dentate gyrus, in which the majority of synapses in the outer two-thirds of the dendritic fields of these cells receive their input from layer II/III of the entorhinal cortex. It is of interest to note that the entorhinal cortex is one of the most severely affected areas in Alzheimer's disease, with intraneuronal neurofibrillary changes occurring in this region at the earliest stages of the disease (Arnold et al., 1991; Braak and Braak, 1994; Price et al., 1996) . We sought to examine the trafficking and processing of APP in the perforant path to clarify the fate of neuronally synthesized APP at synaptic sites.
Cells of the entorhinal cortex express mRNA encoding APP isoforms lacking the KPI sequences
To assess the relative levels of transcripts encoding APP 695 , APP 751 , and APP 770 in the entorhinal cortex, we analyzed RNA prepared from dissected entorhinal cortex by RT-PCR using primers that bracket the KPI domain (Sisodia et al., 1993) . Under these conditions, PCR gives rise to specific products of 350, 518, and 575 base pairs (bp) that represent mRNA encoding APP 695 , APP 751 , and APP 770 , respectively. PCR products were fractionated by electrophoresis in agarose gels and stained with EtBr to visualize the products (Fig. 2 A, left) . Although an ϳ350 bp product is visualized by EtBr staining in cycles 16 -22 of the PCR, larger products of 518 and 575 bp are barely detectable. After exposure of the dried gel to x-ray film, the products derived from APP 751 and APP 770 are readily visualized as well ( Fig. 2 A, right) . To establish that PCR was conducted in the linear range of amplification, we performed reactions for 16, 18, 20, and 22 cycles and quantified the radioactivity for each product by storage phosphorimaging (Fig. 2 B) . Equations for each line were derived by a least squares method, and the regression coefficient (R 2 ) was calculated. The regression coefficient is essentially unity, support- Figure 1 . Elements of the perforant path. The perforant path originates in the entorhinal cortex, from which it "perforates" the hippocampal fissure before terminating in all parts of the hippocampus. A major target of the pathway is the granule cells of the dentate gyrus that in turn project to region CA3 via the mossy fiber axons.
ing the linearity of amplification over this range. These data show that the mRNA encoding APP 695 is expressed at ϳ30-fold the levels of transcripts that encode the K PI-containing isoforms, results that f ully support earlier reports that concluded that APP 695 mRNAs are the principal APP-encoding transcripts in adult rat brain Ohyagi et al., 1990; Beyreuther and Masters, 1991; Sandbrink et al., 1994) .
APP is transported in the perforant pathway
To analyze the in vivo transport of de novo synthesized APP in the perforant path, we injected [
35 S]methionine into the rat entorhinal cortex. Six hours later, we immunoprecipitated labeled APP-related molecules from the entorhinal cortex and from the hippocampal formation. For immunoprecipitations, we used antibody RGP3, specific for N-terminal residues 45-62 (anti-NH 2 ) of APP (Perry et al., 1988; Sisodia et al., 1993) , and antibody CT15, specific for the C-terminal residues 681-695 of APP-695 (anti-COOH) (Sisodia et al., 1993; Zheng et al., 1995; von Koch et al., 1997) . Full-length and C-terminal-truncated (soluble) APP are detected with RGP3, whereas full-length and C-terminal membrane-retained fragments of APP are detected with CT15; CT15 antibody specificity was established by showing that the antibody fails to detect APP-related polypeptides in extracts of tissues prepared from mice with inactivated APP alleles (Zheng et al., 1995) . In the entorhinal cortex, CT15 precipitated three polypeptides of ϳ100 -120 kDa; only the two slower migrating species were also observed in immunoprecipitates from the hippocampal formation (Fig. 3A, left) . Our interpretation of these results is that the ϳ110 -120 kDa polypeptides detected in both the entorhinal cortex and the dentate gyrus are full-length, fully glycosylated forms of APP-695, whereas the ϳ100 kDa polypeptide detected uniquely in the entorhinal cortex represents fulllength, endoplasmic reticulum (ER) forms of APP-695 that are incompletely glycosylated. It is important to note that earlier studies have indicated that experimental lesions and degeneration of the CNS and PNS lead to upregulated expression of KPIcontaining APP isoforms; the principal cells in which KPI APP isoforms are induced are astrocytes or microglia (Tanzi et al., 1988; Tanaka et al., 1989; Johnson et al., 1990; Abe et al., 1991; Scott et al., 1991; Banati et al., 1993; Iverfeldt et al., 1993) . In this context, it was conceivable that injury associated with stereotactic injections into the entorhinal cortex could lead to induced synthesis of KPI APP isoforms, species that have an apparent molecular weight of ϳ140 -150 kDa (Weidemann et al., 1989; Sisodia et al., 1993) . To address this potentially confounding factor, we compared the electrophoretic mobility and pattern of CT15-immunoreactive polypeptides obtained by Western blot analysis of normal uninjured entorhinal cortex or hippocampus with that obtained by immunoprecipitation of radiolabeled APP from rat brain 6 hr after the stereotactic injection of [
35 S]methionine. These studies revealed that the pattern of steady-state, full-length APP detected by Western blotting (Fig. 3B) is essentially indistinguishable from the pattern of [
35 S]methionine-labeled polypeptides recovered by immunoprecipitation (Fig. 3A, left) . Hence, induction of APP isoforms containing the KPI domain does not occur in these experiments. Finally, we compared the electrophoretic migration of the APP polypeptides expressed at steady state in the hippocampus and entorhinal cortex with human APP-695 or APP-770 polypeptides overexpressed in transiently transfected COS-1 cells (Fig. 3C) . Clearly, the immature, newly synthesized form of APP-695 and at least one of the mature forms of COS-1-synthesized APP-695 comigrate with two of the species observed in brain. Although the fully glycosylated APP-695 species in brain appears to comigrate with the immature form of APP-770, these latter species would not be expected to undergo axonal transport because they would not have exited the ER. On the other hand, mature APP-770 species, seen on the longer exposure of the autoradiogram in Figure 3C , right, do not comigrate with the APP-related polypeptides detected in brain. Previous studies in the PNS clearly showed that a very small fraction of APP subjected to axonal transport was APP751/770 isoforms and that these molecules had acquired their full complement of oligosaccharides (Sisodia et al., 1993) .
Our demonstration that fully glycosylated APP but not immature ER forms are the only full-length forms that accumulate in Figure 2 . APP 695 mRNA in enriched in the entorhinal cortex. For analysis of APP mRNA, RNA was reverse transcribed using antisense primer AS1219, and the reverse-transcribed products were incubated in a PCR with 32 P-5Ј end-labeled sense primer. A, PCR analysis of APP mRNA. Amplified products generated after 16, 18, 20, or 22 cycles of the PCR procedure were fractionated by agarose electrophoresis and visualized by EtBr staining (lef t) and autoradiography (right). PCR products were generated from transcripts encoding APP 695 (350 bp), APP 751 (518 bp), and APP 770 (575 bp) M, 1 kb ladder (Life Technologies, Rockville, MD). B, Quantification of PCR analysis. Autoradiograms were subjected to quantitative densitometry, and the cycle number was plotted versus the log of the relative density. Regression analysis was performed for each product, and the equations (and regression coefficients) were determined as follows: APP 695 y ϭ 0.290 x Ϫ 0.062 (1.000); APP 751 y ϭ 0.271 x Ϫ 1.156 (1.000); and APP 770 y ϭ 0.312 x Ϫ 2.297 (0.998).
the dentate gyrus (Fig. 3A, lef t) argues that these molecules represent bona fide transported APP. Using an APP N-terminal antibody, RGP3, on the other hand, we observed a pattern of polypeptides very similar to that obtained with C T15 antibody. However, an additional polypeptide of ϳ100 kDa was also detected with the RGP3 antibody in the hippocampal formation that is also present in the entorhinal cortex; in this latter case, the polypeptide comigrates with immature APP-695 (Fig. 3A, right) . The reactivity of this polypeptide with RGP3, but not with CT15, indicates that this molecule corresponds to C -terminal-truncated, soluble APP (APP s ). Thus, both f ull-length and soluble APP forms, synthesized in the entorhinal cortex, can be detected in the hippocampal formation.
Potentially amyloidogenic fragments accumulate at synaptic sites
Having established that RGP3-immunoreactive APP s accumulates in the entorhinal cortex and hippocampal formation, we asked whether residual, membrane-bound APP CTFs might also be present in these areas. For these analyses, we used CT15 for immunoprecipitation and fractionated recovered polypeptides on a highly cross-linked, Tris-tricine SDS-PAGE system that effectively resolves low molecular weight polypeptides. We observed five CT15-immunoprecipitable species between ϳ9 -14 kDa in extracts prepared from both brain regions (Fig. 4 A, left) . These species were also observed when extracts of lysed crude synaptosomal extracts were examined in parallel by immunoblotting (Fig.  4 A, center) , indicating that these fragments accumulate at steady state. Interestingly, the slowest migrating species exhibited retarded mobility relative to the electrophoretic migration of an APP fragment (C100) (that represents the C-terminal 100 amino acids of the protein and contains the entire A␤ sequence), whereas a second species migrated with mobility similar to that of C100 (Fig. 4 A, right) .
To verify that the APP CTFs were not artifactually generated Methionine was injected into rat entorhinal cortex (EC), and transport was allowed to proceed for 6 hr. Subsequently, the entorhinal cortex and the hippocampus were dissected and homogenized, and the labeled APP was analyzed by immunoprecipitation with antibodies reactive with the C or N terminal of APP. Full-length APP species that were reactive with anti-C-terminal antibodies and present in the entorhinal cortex but not the hippocampus were identified as incompletely glycosylated (immature) APP. APP species that were reactive with anti-N-terminal antibodies but not anti-C -terminal antibodies were identified as C -terminal-truncated (secreted) APP. Protein molecular weight standards are in kilodaltons. B, Full-length APP polypeptides in detergent lysates of uninjured rat entorhinal cortex and hippocampus were visualized by immunoblotting with anti-C -terminal antibodies. C, Patterns of f ull-length APP polypeptides in rat EC and hippocampus ( H ) are compared with human APP-695 and APP-770 transiently expressed in transfected C OS-1 cells; 25 g of detergent-soluble homogenate from EC or H and 5 l of detergent-soluble cell lysate from C OS-1 cells were fractionated on 7% Tris-glycine gels. The right panel is a longer exposure of the left panel and allows visualization of mature APP-770 (770 Gl y) Gl y, Mature; Im, immature.
during homogenization or immunoprecipitation, we labeled cultured cells overexpressing human APP-770 with [ 35 S]methionine and then lysed the cells in the absence or presence of extracts of entorhinal cortex. Resulting mixtures were subjected to immunoprecipitation with C T15 and resolved on 16% Tris-glycine gels. We failed to see any difference in either the pattern or absolute levels of radiolabeled f ull-length APP770 or the C TFs derived from APP-770 in lysates incubated with cortical extracts as compared with control lysates (Fig. 4 B) . It is important to note that the CTFs detected in Chinese hamster ovary (CHO) cells appear less complex than do those obtained from brain, and this result simply reflects the fact that low molecular weight polypeptides are poorly resolved in Tris-glycine gels. In any event, these studies argue against artifactual generation of C TFs during lysis or homogenization but instead support the view that the CTFs observed in the entorhinal cortex and hippocampal formation are generated by physiologically relevant processing events found in the living brain.
To establish f urther the identity of APP C TFs, we subjected detergent lysates of entorhinal cortex or hippocampus to immunoprecipitation analysis with C T15 antibody or with 3134N antibody, specific for epitopes between amino acids 5 and 12 of the A␤ sequence. Furthermore, and in view of the abundant evidence that serine and threonine residues in the APP cytoplasmic domain are post-translationally modified by phosphate moieties in vivo (Oishi et al., 1997) , we treated C T15 or 3134N immune complexes with bacteriophage protein phosphatase (which removes phosphate groups from serine, threonine, or tyrosine residues) and subjected resulting products to Western blot analysis with C T15 antibody (Fig. 5) . These analyses revealed that only the largest of the APP CTFs of ϳ12 and ϳ11 kDa are detected by 3134N; the largest of these two fragments exhibits accelerated migration after phosphatase treatment and collapses into the ϳ11 kDa fragment (Fig. 5A, compare lanes 5, 6 ) . Interestingly, this ϳ11 kDa fragment exhibits mobility not different than that of the fragment shown earlier (Fig. 4 A) to comigrate with a synthetic CT100 peptide. Our interpretation of these findings is that the largest APP CTF is a phosphorylated form of the ϳ11 kDa, presumably the CT100 fragment, that contains the entire A␤ peptide. The mobility of several of the CT15-immunoprecipitable CTFs also shifts after phosphatase treatment (Fig. 5A, lanes 3, 4 ) . For example, and fully consistent with the 3134N analysis, the largest ϳ12 kDa species shifts to ϳ11 kDa. In addition, a CTF of ϳ10.5 kDa disappears after phosphatase treatment, whereas the levels of the slowest migrating CTFs of ϳ9.5 and ϳ8.5 kDa appear to be enhanced after phosphatase treatment. Our interpretation of these data are summarized in Figure 5B . We propose that the ϳ10.5 kDa CTF is a phosphorylated form of an APP CTF initiating at amino acid 11 of A␤ (ϩ11CTF), a CTF that has been described previously by Simons et al. (1996) ; the ϳ9.5 kDa CTF is a mixture of nonphosphorylated ϩ11CTF and a phosphorylated form of an APP CTF generated after cleavage by ␣-secretase between amino acids 16 and 17 of A␤ (␣-CTF); finally, the ϳ8.5 kDa CTF is ␣-CTF. These results suggested that some of the C-terminal bands correspond to fragments that encompass all or parts of the A␤ domain. The demonstration that A␤-related peptides with the same N terminals as the CTFs documented here are present in conditioned medium of cultured cells (Seubert et al., 1992; Naslund et al., 1994; Simons et al., 1996; Wang et al., 1996; Xu et al., 1998 ) strongly reinforces the 35 S]Methionine was injected into rat entorhinal cortex, and transport was allowed to proceed for 6 hr. Subsequently, the entorhinal cortex and the hippocampus were dissected and homogenized, and the labeled APP was analyzed by immunoprecipitation with antibodies reactive with the C terminal of APP. The precipitates were fractionated on Tris-tricine gels to resolve the low molecular weight APP-derived species. A, Visualization of APP C TFs. Lef t, Five C-terminal fragments were identified in the entorhinal cortex and in the hippocampus by immunoprecipitation of 35 S-labeled protein.
Center, Similar bands were also observed in ECL-labeled immunoblots of proteins extracted from crude synaptosomal fractions (P2). Right, T wo of the bands observed in brain tissue had an apparent molecular mass that was the same as or higher than that of C100 extracted from CHO cells, stably expressing C100. DG, Dentate gyrus. B, Effects of entorhinal cortex extracts on APP degradation. CHO cells, overexpressing APP 770 , were labeled with [
35 S]methionine and lysed. The lysate was divided into two aliquots and incubated in the absence (ϪEC) or presence (ϩEC) of extracts of nonlabeled entorhinal cortex. After incubation, the 35 S-labeled C-terminal fragments were analyzed from both aliquots on 16% Tris-glycine gels.
view that the C TFs are the penultimate precursors of A␤ and A␤-related peptides.
APP is transported to synaptic sites
A major target of the perforant path of layer II / III entorhinal neurons is the dendrites of granule cells in the dentate gyrus. The granule cells give rise to one or several dendrites that branch extensively and are covered with spines. The outer two-thirds of these dendritic fields receive inputs from the entorhinal cortex via the perforant path. To determine whether the f ull-length and proteolytic-processed APPs that we observed in the hippocampal formation are actually present in the presynaptic terminals of these synapses, we biosynthetically labeled APP by injecting [
35 S]methionine into the entorhinal cortex of living rats and, after a 6 hr recovery period, microdissected out parts of the dentate gyrus, the entorhinal cortex, and the dorsal hippocampus (which still included some of the granule cell layers of the dentate gyrus) of these animals. The APP-related proteins were recovered from detergent extracts of tissues by immunoprecipitation with RGP3 and C T15 antibodies. As we observed for the entire hippocampal formation, the granule cell region of the dentate gyrus contained labeled (1) f ull-length, f ully glycosylated APP; (2) C -terminaltruncated, soluble APP; and (3) the five C -terminal fragments (Fig. 6) . In contrast, the dentate gyrus contained no f ull-length, immature, unglycosylated APP, again indicating that the APPrelated peptides detected in the terminal fields represent bona fide axonally transported APP species, rather than species derived from local biosynthesis of APP in granule cells after diffusion of injected [ 35 S]methionine.
DISCUSSION
We have examined APP transport and processing of APP in the rat CNS. The perforant path is a well-characterized neuroanatomical pathway and offers the advantage that the fate of APP, synthesized in the cell bodies of the entorhinal cortex and anterogradely transported to synaptic sites in the dentate gyrus, can be evaluated. We demonstrated that the overwhelming majority of APP synthesized in the entorhinal cortex is APP 695 . Because the majority of newly synthesized APP in our paradigm is APP 695 , the task of identifying the APP species was simplified. In the entorhinal cortex, a species of ϳ110 kDa was reactive with anti-C-terminal antibodies, and this species was absent in the dentate gyrus. This APP species corresponds to APP that has not been fully glycosylated (immature APP). The absence of this immature species in the dentate gyrus indicates that the labeled APP that we observed in the dentate gyrus is derived by fast axonal transport of mature APP that was synthesized in the entorhinal cortex. Thus, we can exclude artifactual results that might arise from diffusion of the [ 35 S]methionine label to the dentate gyrus and the subsequent incorporation of this label into APP synthesized in the granule cells.
We considered the possibility that injury associated with stereotactic injections into the entorhinal cortex might have also induced new synthesis of KPI APP isoforms and that these species might be transported; several studies of experimental lesions and degeneration of the CNS and PNS have shown upregulated expression of KPI-containing APP isoforms (Tanzi et al., 1988; Tanaka et al., 1989; Johnson et al., 1990 ; Abe et al., (Seubert et al., 1992; Naslund et al., 1994; Simons et al., 1996; Wang et al., 1996; Xu et al., 1998) . Circled P, Phosphate.
1991; Scott et al., 1991; Banati et al., 1993; Iverfeldt et al., 1993) . However, the principal cells in which K PI APP isoforms are induced are astrocytes or microglia (Banati et al., 1993; Iverfeldt et al., 1993) . Our demonstration that the steady-state pattern of APP in rat brain is indistinguishable from the pattern obtained after radiolabeling argues against upregulation of novel APP isoforms as a consequence of damage induced by the injection. Moreover, the apparent molecular weight of APP751/770 expressed as a consequence of nerve cell injury is ϳ145-150 kDa (Sisodia et al., 1993) , species that are not detected by Western blotting or radiolabeling. Although it is possible that immunoprecipitation using K PI domain-specific antibodies might help settle this issue, there is an inherent ambiguity in the assay because of the abundant expression of amyloid precursor-like protein-2 (APLP2), an APP homolog, in rodent brain (Slunt et al., 1994) ; the preponderant brain APL P2 isoform contains a highly homologous K PI domain for which distinguishing antibodies are unavailable. In any event, from an anatomical perspective, the entorhinal cortex in rat is positioned very caudally with respect to the hippocampal formation, and hence, the hippocampus is immune to lesions associated with the needle track. Thus, the only conceivable way that radiolabeled APP would be present in the hippocampus after injection of [
35 S]methionine into the rat entorhinal cortex is after delivery via fast axonal transport. Moreover, and if one were to argue that the ϳ110 -120 kDa APP-695 polypeptides were synthesized by non-neuronal cells in the entorhinal cortex, it is implausible that these molecules would be subject to axonal transport.
In the dentate gyrus, we observed APP products that appeared to correspond to f ull-length, f ully glycosylated species. The accumulation of f ull-length APP in synaptosomal preparations using biochemical approaches has been recently reported (Ikin et al., 1996; Marquez-Sterling et al., 1997) . It is of interest to note that in these studies, it appeared that f ull-length APP in the nerve terminals was included in structures associated with the endocytic pathway, particularly in multilamellar organelles and clathrincoated vesicles; APP was f ully excluded from small synaptic vesicles. In the dentate gyrus, an APP species of ϳ105 kDa was observed that was reactive with anti-N-terminal antibodies but not with anti-C-terminal antibodies. This species likely represents soluble APP derivatives generated after truncation at, or proximal to, the predominant ␣-secretase cleavage site of APP, analogous to the prominent secreted APP molecule recovered in cell culture medium (Weidemann et al., 1989) . For technical reasons, we cannot distinguish whether truncated APP is within the presynaptic terminals or associated with the extracellular space. The presence of the C-terminal-truncated species suggests a physiological role for this product, perhaps as a ligand that can interact with postsynaptic receptors (Furukawa et al., 1996) .
In all brain areas examined, we also observed five low molecular weight APP-related species that were immunoreactive with anti-C-terminal antibodies. These bands are likely to correspond to CTFs of APP that remain membrane-associated after proteolytic cleavage within the juxtamembranous, extracellular domain. These CTFs are remarkably similar to the CTFs observed in primary cultures of embryonic rat neurons transiently expressing human APP (Simons et al., 1996) . Notably, two of the slowest migrating fragments in rat brain exhibit similar or slightly retarded electrophoretic mobility relative to that of an APP C-terminal fragment (C100) that encompasses the entire cytoplasmic domain of APP, the transmembrane domain, and the entire A␤ region, and our protein dephosphorylation studies and A␤-specific antibody immunoblotting studies suggest that the two CTFs are phospho-and dephospho-forms of the same CTF that contain the entire A␤ peptide sequence. Hence, this derivative may represent the penultimate precursor of A␤ in the brain, including at synaptic sites. Although the presence of phosphorylated APP CTFs in brain has not been reported previously, these findings are not unexpected because earlier studies have established that in cultured cells and rat brain, the cytoplasmic domain of holo-APP is phosphorylated at Thr654, Ser655, and Thr668 (of APP-695) (Oishi et al., 1997) . Interestingly, APP is also subject to ectodomain phosphorylation at Ser198 and Ser206, but these latter studies have only been validated in cultured cells (Walter et al., 1997) . The physiological relevance of APP phosphorylation in the ecto-or cytoplasmic domains has not been established. 35 S]Methionine was injected into rat entorhinal cortex, and transport was allowed to proceed for 6 hr. Subsequently, the entorhinal cortex and the hippocampus were dissected. The hippocampus was sectioned, and the dentate gyrus was removed. The entorhinal cortex, the dentate gyrus, and the remainder of the hippocampus (dorsal hippocampus) were homogenized, and the labeled APP was analyzed by immunoprecipitation with antibodies reactive with the C or N terminal of APP. Recovered immune complexes were resolved on Tris-tricine gels, and the dried gels were exposed for 2 months to x-ray film. APP species were identified as described in the legends to Figures 2 and 3.
The relationship of APP C TFs in brain to Alzheimer's disease pathogenesis merits discussion. Early studies strongly suggested that the C TFs are the penultimate precursors of A␤ peptides (Simons et al., 1996) . This view has gained considerable experimental support. First, cells and transgenic mice expressing the Swedish APP variant secrete high levels of A␤, coincident with the production of elevated levels of APP C TF with an N terminal at the ␤-secretase site (Thinakaran et al., 1996; Lamb et al., 1997; McPhie et al., 1997) . The most remarkable finding is that neurons from mice lacking presenilin 1 fail to secrete A␤ and A␤-related peptides, and this is coincident with the accumulation of APP CTFs intracellularly (DeStrooper et al., 1998; Naruse et al., 1998) . Are there additional pathogenic properties of APP CTF? Evidence has accumulated that insoluble APP C TFs accumulate in cells that have internalized A␤1-42 peptide aggregates (Yang et al., 1995) ; in this regard, several reports have provided evidence that APP C TFs containing the A␤ domain are toxic both in vitro (K im and Suh, 1996) and in vivo (Oster-Granite et al., 1996) .
Finally, it is important to note that although A␤-containing C-terminal peptides accumulate at synaptic sites, we have been unsuccessf ul in detecting radiolabeled A␤ in this perforant path axonal transport paradigm, even after injections of ϳ3 mCi of [
35 S]methionine. Whether this failure to detect radiolabeled A␤ peptides reflects the high turnover, or inefficient production, of A␤ peptides in the rodent C NS is not presently known. In view of recent sandwich ELISA measurements of A␤ in mouse brain that reveal that these peptides accumulate to only ϳ2-3 pmol per gram of wet weight of tissue (Duff et al., 1996) , it is not particularly surprising that our efforts to detect biosynthetically labeled A␤ have been unsuccessf ul. In summary, we observed that f ull-length APP, C -terminaltruncated APP, and C-terminal fragments of APP accumulate at synaptic sites in the CNS. At present, it is not clear whether the cleaved APP products are generated at the nerve terminal and/or whether cleavage occurs before, or during, transport. Although earlier studies have indicated that f ull-length APP is present in the nerve terminal and is found within multilamellar bodies and clathrin-coated vesicles, the disposition of C -terminal-truncated (soluble) APP within the extrasynaptic space and /or in organelles within the nerve terminal is not known. C larification of these issues will f urther our understanding of the f unction of APP, the cellular sites of APP cleavage, and A␤ formation in the CNS.
